Abstract Degumming is the dominant method to isolate cellulosic fibers in the textile industry. High content of lignin is the principle obstacle in bast-fibers degumming. In order to remove lignin efficiently, the treatment using steam explosion coupled with Fenton oxidation was conducted on kenaf bast in this study. The influence and mechanismof the combined treatment of steam explosion and Fenton oxidation were studied. Fiber microstructure, composition proportion and distribution, cellulose Segal crystallinity and polymerization as well as residual lignin structure were analyzed. The results showed that the pretreatment of steam explosion could sufficiently extract most of the hemicellulose from kenaf bast. Also, the Fenton oxidation followed by alkaline boiling could effectively remove the lignin from the fiber, especially from the fiber surface. The refined dry fibers produced only remained 8.82% of hemicellulose and 9.36% of lignin. And the whole treatment process didn't change the cellulose crystalline structure but could gradually degrade hemicellulose, lignin and other amorphous gummy matter as well as disordered areas in cellulose, leading to the increase of fiber Segal crystallinity from 62.02 to 70.12%. Part of cellulose was damaged with the increase of degumming intensity, resulting in the decrease of the polymerization degree of cellulose. Meanwhile, the structure of residual lignin changed during the degumming stages of steam explosion, Fenton oxidation and alkaline boiling. All the results revealed that the treatment of combined steam explosion and Fenton oxidation is significantly effectual for isolating bast-fibers.
Introduction
The utilization of natural cellulosic fiber has attracted growing interest in recent years due to the threats of uncertain energy supply and its abundant source (Ramesh 2016) . Kenaf (Hibiscus Cannabinus L.) is one of the most traditional natural cellulosic fiber plants. It is strong suitable with surrounding and grows rapidly. Thus, the low-cost kenaf is widely applicable in areas like biomass energy, reinforced composites, pulping and paper (Kyung Hun and Obendorf 2016; Ramesh 2016) . However, kenaf fiber has very limited application in textile area, only coarse kenaf fiber can be yielded from degumming due to the high lignin content.
The chemical composition of kenaf fibers has been evaluated in our previous studies (Song et al. 2017b ). Compared with flax or ramie (Fan et al. 2010; Lazić et al. 2017 ), kenaf fibers demonstrate higher lignin, hemicellulose and other gummy components. High lignin content with complex structure adds difficulty to kenaf degumming, which blocks the high valueadded application of kenaf fibers. The current degumming methods for kenaf include chemical, biological or physical treatments. Zheng et al. (2010) used a biological enzyme to degum kenaf and developed a neural network model for the optimization parameters. According to their study, long hours are needed to obtain satisfied fibers. Gao et al. (2015) combined physical and chemical treatment on kenaf bast and acquired coarse bundle fibers. In conclusion, there are many disadvantages among the current degumming methods, such as serious pollution, high energy requiring and low efficiency (Jahan et al. 2016; Ramesh et al. 2015; Song et al. 2017a) . Therefore, in order to remove the gummy matters (especially complex lignin), and to isolate cellulose fibers from kenaf bast with a high fiber quality, a new efficient degumming process is indispensable to be discovered.
Since the gummy components are intensively compacted on the outer layer of kenaf bast forming a physical barrier, pretreatment is necessary to break the protective layer and make subsequent degumming sufficient (Rabemanolontsoa and Saka 2016) . Steam explosion (STEX) has been generally recognized as one of the most effective pretreatment technologies for degumming with the attractive features of high efficiency and low pollution (Jiang et al. 2011) . Based on our previous work (Gao et al. 2015; Zhang et al. 2016) , part of the gummy matter is removed and kenaf fiber bundles appear after the STEX progress, resulting in the increase of accessible surface. However, the usual STEX progress has no significant effect on lignin extraction (Jiang et al. 2017; Sun et al. 2015b ). Subsequently, a further treatment to remove lignin is essential.
Fenton oxidation is welcomed as a green and fast option for degrading organics. Nowadays, some scholars studied the effect of Fenton oxidation (FO) on lignin degradation and revealed its excellent performance on lignin removal (Kato et al. 2014; Seesuriyachan et al. 2015) . Moreover, Zhou et al. (2017) employed Fenton reagent as an oxidative degumming method on ramie and found promising results. However, very limited literatures are found to apply Fenton treatment in kenaf degumming.
Fenton oxidation is a reaction of ferrous ion (Fe 2? ) catalyzing hydrogen peroxide (H 2 O 2 ) to produce hydroxyl radical (HOÁ). HOÁ is a strong oxidant capable of oxidization and degradation of various organic compounds (Bhange et al. 2015) . Thus, in order to remove lignin, it is important for them to absorb sufficient Fe 2? . After alkaline STEX treatment, the increase of surface accessibility and the massive acid groups of lignin such as phenolic hydroxyl group or carboxyl formed during treatment (Sun et al. 2015a ) both contribute to absorb positive ion in the following treatment. Therefore, it is hypothesized that STEX following by a FO treatment could be an efficient method to remove lignin and separate cellulosic fibers from high lignin content biomass. In order to focus on lignin removal and avoid cellulose damage as far as possible, the traditional Fenton reaction could be mitigated in this research. The steam exploded fibers could be immersed first in ferrous sulfate (FeSO 4 ) solution and then in H 2 O 2 solution. After the fibers absorb enough Fe 2? , the lignin that already contains massive acid groups could be oxidized to lignin fragments. Alkaline boiling is then applied to remove the lignin fragments completely.
In the current study, kenaf bast was mainly treated by steam explosion and Fenton oxidation degumming to remove lignin and isolate cellulosic fibers based on the above hypothesis. Scanning electron microscope (SEM) was used to monitor the morphological changes during the degumming progress. Wet chemistry methods and Fourier-transform infrared microscopic imaging (FTIRM) were employed to investigate the main chemical composition proportion and distribution on the fiber surface during the process. X-Ray diffraction (XRD) and gel permeation chromatography (GPC) was recorded to obtain the cellulose crystalline conditions and molecular weight changes during the treatment. Moreover, nuclear magnetic resonance spectrometer (NMR) was applied to characterize the structural variations of residual lignin over the process. The study of degumming mechanisms would significantly deepen our understanding of the degumming process; in the meanwhile, it can also help to improve current degumming process.
Materials and methods

Experimental material
Raw kenaf samples were cultivated from the Aksu Prefecture of Xinjiang, China. Kenaf bast were manually stripped from the core, then dried and stored for approximately two months.
Experimental methods
Isolation of kenaf bast fibers
Sampling The original dry kenaf bast was manually cut into segments with an approximate length of 10 cm. Then they were well mixed, and randomly separated into seven groups (20 g sample as a group) for the following treatments.
Steam explosion (STEX) pretreatment Each group of the original kenaf bast sample was immersed in 500 mL NaOH solution (10 g/L) at room temperature for 1 h. Then, the wet samples with about 50% liquid (w/w) were fed into the steam explosion equipment QBS-80 from Hebi Steam Explosion Research Center (Henan Province, PRC). After holding the steam pressure of 0.8 MPa for 2 min, the steam was released instantaneously to give the explosion effect. The steam exploded samples were washed to neutral with distilled water. And then they were dried in the air oven for subsequent treatment and further analysis.
Fenton oxidation (FO) activation-alkaline boiling treatment The steam exploded fibers (20 g) were soaked in 500 mL FeSO 4 Á7H 2 O solution (10 g/L) for 1 h. Then the wet fibers with 50% liquid (w/w) were transferred to 500 mL H 2 O 2 (30%) solution (100 mL/ L) for 1 h FO activation. After washed to neutral, the fibers were dried for sequential treatment and further analysis. At last, the fibers (20 g) were boiled in 500 mL NaOH solution (5 g/L) for 0.5 h, and then washed and dried in the air oven for further analysis. The final degummed kenaf fibers were regarded as refined dry kenaf.
All the reagents applied are of reagent grade and used without any purification. The whole design for this study is shown in Fig. 1 .
Morphological analysis
The longitudinal features of the raw kenaf bast and fibers isolated from the bast were examined using a microscope of JSM-840 (JEOL, Japan). The 'palladium' coated samples were observed and pictured under the operating voltage of 15 kV and magnification of 1000.
Wet chemistry analysis
The wet chemistry analysis was performed according to the combined Chinese National Standard GB 5889-1986 and the American Laboratory Analytical Procedure NREL/TP-510-42618, which was recorded in our previous researches (Gao et al. 2015; Zhang et al. 2016) .
The whole process of wet chemistry analysis is presented in Fig. 2 . All experiments were performed independently in triplicate and the results given are the mean of the 3 values. The standard error was controlled within 5% of the mean value.
Fourier-transform infrared microscopic imaging (FTIRM) analysis
The FTIRM was recorded with a Spotlight 400 Fourier-transform micro-spectrometer (PerkinElmer, USA) with an attenuated total reflection (ATR) accessory. The infrared spectra image can collect the information on the surface of the kenaf fiber bundles with about 2 lm thick. Spectrum IMAGE software was used for spectroscopy and absorbance analysis. The mean absorbance was calculated with 10 different samples.
Crystalline analysis
The crystalline patterns were obtained using a D8 Advanced X-ray diffractometer (Bruker, Germany) scanned from 2h = 5°to 2h = 40°(40 kV, 50 mA). The Segal crystalline index of kenaf cellulose was calculated as Eq. 1, which is previously reported by Dai et al. (2018) for native cellulose. 
Molecular weight analysis of cellulose
The cellulose samples were obtained using the method that described in Fig. 2 . The dried cellulose was activated with ethylenediamine and then dissolved in poly acetyl diamine (DMAc) and lithium chloride (LiCl) to make a true cellulose solution as reported by other researchers (Qin et al. 2014) . Before testing, the solution was filtered through a 0.22 lm filter membrane. Then 100 lL filtered solution was inject to the multiple detector GPC Viscotek TDA305max (Malvern, UK) for the gel permeation chromatography (GPC) test. The standard substance used was polystyrene from Malvern. The column was operated at 50°C and eluted with DMAc ? 0.5% LiCl at a flow rate of 0.7 mL/min.
Structural analysis of residual lignin
The milled lignin was obtained according to the method described in literature (Bai et al. 2013) . At first, the milled samples were treated with benzene and ethyl alcohol for wax extraction. Then a planetary ball milling (Fritsch, Germany) with a ZrO 2 bowl in nitrogen atmosphere was used to mill the dewaxed samples. The sample powder that was smaller than 200 mesh was collected for lignin preparation. It was extracted twice with p-dioxanewater solution (96%, v/v) in a magnetic stirrer for 48 h in the dark place, respectively. The solvent was vacuum-filtrated and evaporated using a rotary evaporator from Shanghai YaRong Biochemical Instrument Factory (Shanghai, PRC). The residue was washed with diethyl ether and freeze-dried to acquire the crude lignin. The crude lignin was dissolved in acetic acid-water solution (90%, v/v) to remove the residual saccharides. Then the centrifuged solid part was dissolved in 1, 2-dichloroethane/ethanol (2:1, v/v) and precipitated in diethyl ether. After centrifuged and washed twice with diethyl ether, the solid part was freeze-dried and the final milled lignin sample obtained. The lignin samples were dissolved in DMSO-d6 and tested with ADVANCE III nuclear magnetic resonance spectrometer (Bruker, Germany) at 25°C. The micro-tube worked with a 90°pulse width, a 1.4 s acquisition time, a 1.7 s relaxation delay and an accumulation of 3000 scans. NMR data were processed and analyzed using MestReNova software.
Results and discussion
Morphological analysis
The longitudinal micro-morphology of kenaf fiber bundles are illustrated in Fig. 3 . It is found that the morphology of fiber surface was greatly changed by different treatments. As shown in Fig. 3a , the internal structure of the raw kenaf fibers was intimately interconnected with abundant gummy matter; showing a rough and irregular surface. The STEX treatment caused obvious separation of the kenaf fibers, and fiber bundles with less gummy matter appeared (Fig. 3b) . After the FO treatment (Fig. 3c) , most of the gummy matter were removed from the fiber surface and the surface became smooth and clean. While, almost no gummy matter on the surface of final refined dry kenaf fiber was observed (Fig. 3d ) and even single fibers revealed. The morphology of the final refined dry fibers was much better than fibers treated only by Fenton oxidation or alkali boiling. The results can prove that the treatment based on steam explosion and Fenton oxidation is effective for degumming and isolation of kenaf fibers. This phenomenon is attributed to the fact that the alkaline STEX process degraded part of the gummy matter and separated fibers, FO and alkaline boiling treatment degraded the remaining gummy matter further. It is also supported by the previous studies (Chirayil et al. 2014; Dong et al. 2014 ).
Wet chemistry analysis
Kenaf bast consists of three main components namely hemicellulose, lignin and cellulose. Figure 4 shows the main chemical changes at different treatment stages. As can be seen in Fig. 4 , hemicellulose and lignin concentrations decreased evidently with the treatment, while cellulose proportion increased as the removal of non-cellulosic materials. Compared with the 17.45% of hemicellulose content for raw kenaf bast (Fig. 4a) , kenaf treated after STEX (Fig. 4b) , STEX-FO (Fig. 4c ) and the refined dry kenaf (Fig. 4d) removed 36.68, 42.52 and 49.46% of hemicellulose, respectively. Meanwhile, the lignin was removed 9.25, 24.50 and 42.50%, respectively (comparing with 16.00% for raw kenaf). The cellulose content of final refined dry kenaf can reach 75.25%, which is much higher than the 54.82% for raw kenaf. Besides, the relative weight based on the raw kenaf was shown in Table 1 . It is obvious that hemicellulose and lignin was removed step by step. Also, the STEX mainly contributed to hemicellulose removal and FO treatment had better effect on lignin removal. What's more, the lignin and hemicellulose content of the final refined dry fibers were also lower than that of fibers treated by only Fenton oxidation and only alkali treatment. This is consistent with the conclusion of other scholars (Jiang et al. 2017) . During the alkaline STEX treatment, deacetylation was occurred on hemicellulose; meanwhile, part of the lignin and the hemicellulose-lignin bonds were disrupted with high temperature alkaline solution (Sun et al. 2015a ). Furthermore, the physical barrier of internal structure was broken in STEX treatment. Thus, the internal structure of the samples became looser and porous, which contributed to the absorption of of the image represents different absorbance intensity. The purple and blue areas represent lower absorbance, while the red and pink regions mean higher absorbance. In order to figure the distribution of hemicellulose, lignin and cellulose for different treatment stages, FTIRM images with single wavelength view was summarized and analyzed in this research. According to the literature, infrared absorption peaks at the wavenumbers of 1737, 1506 and 1375 cm -1 are associated with the xylan in hemicellulose, benzene ring in lignin and C-O-C in cellulose, respectively (Balaji and Nagarajan 2017; Obi Reddy et al. 2018; Maache et al. 2017 ). Furthermore, they are all particular characteristic absorption peaks for these main components. Therefore, the single wavenumber FTIRM images of 1737, 1506 and 1375 cm -1 were generated to represent the distribution of hemicellulose, lignin and cellulose, respectively. Each sample was extracted at 3 sections including the top, middle and bottom part. The mean absorbance of different fiber bundles were presented in Table 2 .
By choosing the wavenumber of 1737 cm -1 , the FTIRM images representing hemicellulose distribution were obtained (Fig. 5) . As shown in Fig. 5 , the hemicellulose distribution changed significantly after treatment. The raw kenaf buddle image (Fig. 5a ) contained the largest red area, which represents the highest content of hemicellulose covering. However, the red regions were broken down to small pieces and reduced after STEX (Fig. 5b) and FO (Fig. 5c ) treatments, which means STEX and FO treatments removed hemicellulose on the fiber surface sufficiently. These changes were caused by the deacetylation effect of alkaline STEX and oxidation effect of HOÁ, which was illustrated in previous section. While, minimal red particles were observed for the refined dry kenaf fiber buddles, thus implying that few hemicellulose reamined on the surface of refined dry kenaf fibers (Fig. 5d) . This was also due to the deacetylation effect of alkaline boiling. The mean absorbance of hemicellulose from Table 2 reduced from 0.027 to 0.015 in the first as well as the second degumming steps. It was further reduced to as low as 0.012 in the third degumming step, confirming the high removal rate of hemicellulose in the degumming process. It can be explained that the STEX progress had removed most of the hemicellulose on the surface. Hence, the next two treatment stages resulted in less evident diminution of hemicellulose absorbance. These results also agree to the conclusion of ''Morphological analysis'' and ''Wet chemistry analysis'' sections. By choosing the wavenumber of 1506 cm -1 , the FTIRM images of lignin distribution were extracted (Fig. 6) . It is obvious that the red areas became less and fragmented after different treatment stages. The raw kenaf image (Fig. 6a) contained the highest lignin content that covered on the fiber bundle surface. When STEX treatment applied on the raw kenaf bast sample, the lignin was slightly removed by STEX treatment (Fig. 6b) , which was confirmed by Table 2 . The reduction of the lignin content was mainly due to the cleavage of ether bonds in lignin with high temperature alkaline treatment, resulting in the yield of smaller lignin which contained massive acid groups such as phenolic hydroxyl group or carboxyl group (Carvalho et al. 2016; Keshav et al. 2016) . Part of the lignin with acid groups was dissolved in the alkaline STEX treatment. The remaining lignin received more Fe 2? absorption in the subsequent FO treatment. Very few red spots were observed after FO treatment (Fig. 6c) and almost no obvious spots for the refined dry kenaf fibers (Fig. 6d) . According to Table 2 , the mean absorbance of lignin is similar between the samples after STEX and FO treatment. It thus indicates that lignin was not significantly removed during FO treatment. But after alkaline boiling treatment, it decreased from 0.047 to 0.033, confirming the evident delignification effect of final alkaline boiling. The results demonstrate that the mild FO treatment method in this study was able to modify the structure of lignin better than directly breaking it to small molecule size. After FO treatment, the lignin fragments still remained on the surface of fiber bundle, and the modified lignin could be easier extracted in the hot alkaline solution. The refined dry kenaf fiber still has the mean absorbance of lignin as high as 0.33, which is consisted with the results of Fig. 4d (32.31% of origin lignin content remaining). It implies that some lignin exists inside of the fiber cells of kenaf bast, which could not be removed by the degumming process completely.
By choosing the wavenumber of 1375 cm -1 , the FTIRM images of cellulose distributions on the fiber bundle surface were obtained (Fig. 7) . The strong absorption area shows that cellulose is the main component of kenaf bast. The considerable green areas on raw kenaf image (Fig. 7a) suggest that massive gummy matters cover on the fiber bundle surface, leading to a relative low cellulose absorption value (0.072). When subjected to the STEX treatment (Fig. 7b) , part of the gummy matters was removed and stronger cellulose absorption (0.076) can be found. The following FO treatment removed more gummy matter, which is verified by the larger red area (Fig. 7c) . There was almost pure cellulose on the surface of refined dry kenaf fibers (Fig. 7d) , demonstrating that the combined treatment of steam explosion and Fenton oxidation can remove the gummy matter on the surface successfully.
Crystalline analysis
The X-ray diffraction patterns of fibers isolated from kenaf bast by different methods are depicted in Fig. 8 . Their Segal crystalline indexes are also presented. It is well known that the crystal peaks of lattice plane of 1-10 and 200 (Amiralian et al. 2015; Feng et al. 2015 ; Fig. 8 . It implies that the whole degumming treatment did not change the crystal habit of kenaf cellulose. As we all know, cellulose shows crystalline nature while other gummy matter is amorphous in nature. The kenaf cellulose fibers are surrounded by non-cellulose material such as lignin and hemicellulose (Hu and Ragauskas 2012) . According to the Segal method, the crystalline fraction can be determined by subtracting the intensity at the minimum near 18.6°, where no large peaks are expected, from the maximum peak height, divided by the maximum peak height. Also, the peak width is inversely related to the crystallite size through the Scherrer equation. As shown by French and Santiago Cintrón (2013) , wider peak widths overlap more, raising the Segal crystallinity index. The Segal crystalline index is relevant to fiber properties in strength, elongation, modulus, etc. The increase of Segal crystalline index was confirmed by calculation with Eq. 1. It increased from 62.02% to 66.24, 68.88 and 70.12% for different treatment stages, respectively. Similar observations were found for steam exploded fibers (Kallel et al. 2016) . The consequence can be explained by three major reasons. Firstly, the amorphous gummy matter like pectin and hemicellulose were hydrolyzed during STEX progress. Then the residual amorphous gummy matter, especially lignin was removed through FO and final alkaline boiling stages. Therefore, crystalline cellulose proportion increased as the removal of amorphous matters. Secondly, when the kenaf bast was subjected to STEX treatment, rearrangement of fibrils in the interfibrillar regions may happen to improve the crystalline regions (Rabemanolontsoa and Saka 2016) . Thirdly, some of the less ordered region of cellulose was destroyed during the whole treatment, which also caused the increase of crystalline index. However, further detailed research is required to explain the nature of crystalline index increasing.
Molecular weight analysis of cellulose Figure 9 presents the GPC chromatograms of the kenaf cellulose. The weight average molecular weight (Mw), number average molecular weight (Mn), Z average molecular weight (Mz), viscosity average molecular weight (Mw) and polydispersity (Mw/Mn) are summarized in Table 3 according to their chromatograms.
Since the original cellulose samples couldn't dissolve in the common solvent (tetrahydrofuran) for GPC test to evaluate the molecular weight and distribution. True cellulose solutions made with DMAc and LiCl were used in the present work. The multiple detector GPC equipment was employed. For example, the differential signal of RI detector assisted to ascertain signal peak or baseline shift. Furthermore, the absolute molecular weight could be obtained with differential detector and light-scattering detector. In Fig. 9 , cellulose molecular weight distribution was found and observed. It can be seen that signal peaks were quite wide, indicating a high heterogeneity of cellulose molecular weight and therefore a high polydispersity. Moreover, some shoulders that represent lower molecular weight were identified at higher retention volume. It may be attributed to the hemicellulose that remained in the cellulose processing. It is clear from Fig. 9 that the molecular weight changed significantly after treatment.
It is observed from Table 3 that the polymerization of cellulose was gradually decreased after different treatments. The average polymerization of raw kenaf cellulose is as high as 9204. However, it reduced to 6179, 3579 and 1161 after STEX, FO and alkaline boiling treatment, respectively. There are two aspects that contribute to the changes. Firstly, part of the cellulose was degraded with the treatment due to the inhomogenous and acute degumming process. In this case, cellulose tends to hydrolyze in hot alkali during STEX treatment. Moreover, some of the outer cellulose may turn into ketol structure in FO treatment (Hellström et al. 2014) . The glycosidic bond of ketol structure was easily to break in alkaline boiling. The hydrolysis of cellulose resulted in the reduction of polymerization. Furthermore, partial cellulose degraded in cellulose dissolving process. It is reported that some of the sensitive glycosidic bonds will break at 85°C (Hutterer et al. 2017) , so the excitation temperature in making true cellulose solutions may be too high, causing part of the cellulose to degrade.
Aiming to textile application, a certain degree of polymerization provides guarantee for fibers to achieve the required mechanical properties. Therefore, different degumming treatments performed a negative effect in this aspect. Fortunately, the polymerization of cellulose in refined dry kenaf is still in the common range of cotton polymerization (Pan et al. 2011) . But stronger degumming process is not suggested regarding to the results. Furthermore, more experiments should be conducted to find to optimal parameters to produce kenaf fibers with both high mechanical properties and good fineness.
Structure analysis of residual lignin
The lignin structure was quantified using 13 C NMR, and the results were presented in Fig. 10 . The main signal assignments according to other literatures are shown in Table 4 (Jin et al. 2011; Li et al. 2015; Mohtar et al. 2017) .
The NMR spectra of lignin can be divided into 3 portions: C=O region (d165-220), benzene ring region (d104-165) and aliphatic side chains region (d50-90) (Jin et al. 2011) . As presented in the spectra, the residual lignin after treated exerted similar pattern with that of the original lignin (Fig. 10A) except for several peaks. The absence of signals between 90 and 102 ppm indicated the purity of the extracted lignin. It is found that the most frequent interunit linkages in lignin structures are b-O-4 for all the samples. The signal peaks of syringyl unit (S) and guaiacyl unit (G) were obvious in the spectra, confirming that the kenaf bast lignin is similar to broadleaf lignin. According to the literature (Jin et al. 2011; Li et al. 2015; Mohtar et al. 2017) , the absence of noncondensed b-5 and b-1 structure in raw kenaf lignin (Fig. 10a) revealed the difficulty in raw kenaf lignin removing. The disappearing of signal at 172 ppm corresponding to acetyl since STEX treatment (Fig. 10b) was on account of the saponification effect of alkali. Figure 10a showed less pronounced signal at 175 ppm, suggesting that aliphatic carboxyl was formed due to the oxidation of side chain in FO (Fig. 10c) treatment. It was also confirmed by the integral of 174-175 ppm (based on 160-102 ppm) increased from 0.004 to 0.025 for raw kenaf lignin and STEX-FO treated lignin, respectively. While the increase of acid radical groups like carboxyl contributed to lignin solubility in alkali. Therefore, there was no signal at 175 ppm for the final refined dry kenaf fiber (Fig. 10d) . However, the absence of signal at 63 ppm and the smoothness of 40-15 ppm region assigned to saturated aliphatic for the refined dry kenaf lignin (Fig. 10d) confirmed the cleavage of side chains during FO treatment. As reported by the literature, the integral at 160-102 ppm was set as the reference (Capanema et al. 2004 ). The S/G ratio can be calculated through the integral of 109-103/113-110, which assigned to S-C2/C6 and G-C2, respectively. The integrals decreased from 1.62 to 1.43, 1.32 and 0.76, respectively, demonstrating that the degumming processes are able to decrease the proportion of S unit gradually.
The results verified that the combined treatment of steam explosion and Fenton oxidation changed the residual lignin structure. Furthermore, the middle stages of STEX and FO treatment contributed to the followed treatment for lignin removing.
Conclusion
To overcome the disadvantage of high lignin content for bast-fibers, steam explosion coupled with Fenton oxidation treatment was conducted to separate kenaf fibers. Results found that the degumming progress is effective for cellulosic fiber isolation. The gummy matter on the surface of the kenaf bast was found to be gradually extracted by SEM analysis. Moreover, wet chemistry analysis demonstrated that hemicellulose was mostly removed during steam explosion process while lignin was effectively degraded by the following Fenton oxidation and alkaline boiling treatments. The removal of hemicellulose and lignin was further validated by FTIRM. With the removal of amorphous gummy matters, fibers' Segal crystallinity increased. However, partial cellulose damage occurred and it was verified by GPC analysis. Meanwhile, the residual lignin structure changed during the combined steam explosion and Fenton oxidation treatment according to the NMR analysis. The resulted observations could be very useful to improve degumming methods.
